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Abstract
The etching characteristics of spontaneous fission tracks on the external surface of zircon by
stepwise etching method are presented. The three dimensional track geometry was measured
using a computerized image processing system.
It was observed that track density and track width showed a gradual increase with increase
in etching time. The track length showed increase in two stages. The rate of increase of density,
track width and track length were anisotropic to the azimuth angle to the c-axis. Anisotropy in
relation to the dip angle from the crystal surface was not observed. The bulk etching velocity
along the three vector components perpendicular or parallel to the c-axis were also calculated.
Based on the experimental results, it is evident that the increase in track density from 24 to
60 hours etching time is mainly due to increase in tracks parallel to the c-axis. Further, the bulk
etching velocity parallel to c-axis is higher compared to the other directions. The track etching
velocity is observed to have same values in directions parallel and perpendicular to the c-axis.
Anisotropy in relation to the azimuth angle to the c-axis is due to the effect of difference in bulk
etching velocity.
1. Introduction
In recent years, the fission track dating method has been successfully applied to un-
derstand geochronological and geothermal problems. However, there are several problems
which have a direct effect upon measured values (GLEADOW, 1981, HURFORD and GREEN,
1982, 1983). These are the detection efficiency of tracks by etching anisotropy, the selec-
tion of dating strategy and the determination of neutron fluence. The etching effect be-
comes a serious concern for age dating. Even at present, a concrete etching criterion has
not been determined.
In zircon, the anisotropic characteristic of the etching is an important criterion which
requires careful examination. KRISHNASWAMI et ai. (1974), based on quantitative study
using HF and H 2S04 etchant, reported that the track etching was anisotropic. Suzuki
T. (1980) carried out investigations using the presently popular KOH and NaOH etchant
and indicated the need to apply corrections to account for anisotropic etching. SUZUKI M.
(1983, 1984) also suggested that the younger samples are effected significantly by the ani-
sotropy. GANZAWA (1982, 1983, 1985) reported results supporting the above observations
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and discussed the causes of anisotropy and related correction aspects.
WADATSUMI et al.(1988) developed the measurement method of three dimensional
geometry of fission track by computerized image processing system. The computer aided
system enabled easy measurement of the track geometry (length, width, azimuth angle to
c-axis of zircon crystal and dip angle from surface) which were hitherto difficult to ob-
tain.
This paper presents results on the etching characteristics of spontaneous fission track
on external surfaces of zircon grains. A detailed description of the system and method of
measurement are described in our earlier publication (MASUMOTO and WADATSUMI, 1990a,
b).
2. Experimental Procedure and Samlpes
The experiment in the present study involved the stepwise etching procedure and
the spontaneous tracks on the original zircon surface were used for analysis. Zircon crys-
tals separated from a moonstone rhyolite of the Usunaka Moonstone Rhyolite Member
in Toyama Prefecture, Central Japan were used throughout this study. A fission track
age~23.7±2.9Ma for this zircon have been reported by GANzAwA(1983), YAMASAKI and
MIYAJlMA(1970) reported K-Ar ages~24-25Ma for this rock.
The zircon samples were mounted in PFA teflon film, and etched to reveal the fission
track using KOH:NaOH(=l :1) eutectic etchant at 12 hours intervals keeping the tem-
perature constant at 225°C (GLEADOW et al., 1976).
Samples were subjected to 24, 36, 48 and 60 hours of etching. Subsequently, the
three dimensional track geometry (track length, track width, azimuth angle to c-axis of
zircon and dip angle from surface) were measured at the same position of each grains.
Here, track length is not projected length but length corrected for dip angle. In addi-
tion, the cone angle of specific tracks and the rate of original surface removal were obtained.
This track geometry was measured with a computerized image processing system(CIPS-
FTD: WADATSUMI and MASUMOTO, 1984, MASUMOTO and WADATSUMI, 1990a).
The measurements of track geometry were carried by the method of MASUMOTO and
WADATSUMI(1990b). Measuring is carried out under the 1,000x magnification microscope
using 100 X dry objective lens. True measured magnification is 5,000 X on the full screen
display image processing monitor. In this experiment, the resolving power of measure-
ment of track length is approximately 0.083 ,um and that of track width is 0.042 ,um.
The total of 30 zircon grains were considered in this study. The present results of
length and width of tracks used tracks which were obtained at 24 hours etching time, and
do not include tracks obtained beyond at that time.
3. Results
3.1. Number of tracks
The relationship of number of tracks and etching time is shown III Fig. 1. The
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Fig. 1 Variation of track number with increasing etching time for spontaneous tracks
in external surface.
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number of tracks increased slightly from 24 to 60 hours. A linear increase at the rate of
4% per 12 hours (0.3%/hour) is observed. A total of 817 tracks was measured after 60
hours etching.
The temporal variations (with respect to etching time) in relationship between the
track and azimuth angle measured from the c-axis of zircon crystal are shown in Fig. 2.
It can be observed from the figure that the distribution is anisotropic in all cases. The
tracks at azimuth angle ranging between 0-40° are smaller in number, but show an increase
in number of tracks with prolonged etching time. It is therefore evident that there is a
gradual decrease in anisotropy with increase in etching time.
The relationship of track number versus dip angle from the surface of zircon crystal
after 24, 36, 48 and 60 hours etching, are plotted in Fig. 3. A symmetrical bell shaped
distribution is observed in all cases with the point of symmetry about the dip angle of
40° to 50°. There are almost no track perpendicular or parallel to surface. These distri-
bution curves show a similar pattern at all etching times.
3.2. Width of tracks
The measured values of track width with increasing etching time are shown in Fig. 4.
The track width have a tendency to grow linearly as etching time increases. The growth
rate being 0.015 .um per hour.
The variations of track width with etching time and azimuth angle from c-axis after
each etching steps are shown in Fig. 5 and Fig. 6 respectively. In all etching steps, the
tracks parallel to c-axis are wide and the tracks perpendicular to c-axis are narrow. The
etching rate of width in each angle is constant in all etching steps. This etching rate of
tracks perpendicular to c-axis is smaller than the rate of tracks parallel to c-axis. There-
fore, as the etching time increase, the difference of width increases further.
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Fig. 2 Distributions of track number with
azimuth angle to c-axis of zircon
crystal, after (a) 24 hours, (b) 36
hours, (c) 48 hours, and (d) 60
hours etching.
Fig. 3 Distributions of track number with
dip angle from surface of zircon
crystal, after (a) 24 hours, (b) 36
hours, (c) 48 hours, and (d) 60
hours etching.
The variations of the track width and etching rate with dip angle from surface are
shown in Fig. 7 and Fig. 8 respectively. The track width and the etching rate in each
dip angle are almost the same. The anisotropy of track width with dip angle is not found
to exist.
3.3. Length of tracks
The variation of mean track length (the average length of etched tracks) after 24-
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Fig.4 Variation of track width with increasing etching time. (Error bars represent
±la).
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Fig. 5 Variations of track width with azimuth angle to c-axis of zircon crystal, after 24
hours (A), 36 hours(.), 48 hours(.), and 60 hours(e) etching.
60 hours etching is shown in Fig. 9. The mean track length has a tendency to increase
as etching time increases. However, the rate of increase show a decreasing trend after
48 hours etching time. The results of measuring the length of tracks in each etching steps
are shown the histograms in Fig. 10. At 24 hours etching step, the track length is coni-
cally distributed from 3 to 10 ,um. As etching time increases, the track length increases
and the length distribution is uniform from 5 to 10 ,um.
The variations of mean track length with azimuth angle from c-axis of zircon, in
each etching steps are shown in Fig. 11. In early stages of etching, the mean track length
show an anisotropic relation with respect to azimuth angle, but as the etching time in-
creases a gradual decrease in anisotropy is observed. The lengths at azimuth angle of
oto 30° are shorter compared to the other directions, but the increase in track length at
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Fig. 6 Variations of etching rate of width with azimuth angle to c-axis of zircon crystal,
after 24-36 hours(solid lines), 36-48 hours(dashed lines), and 48-60 hours(dotted
lines) etching.
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Fig. 7 Variations of track width with dip angle from surface of zircon crystal, after 24
hours(A.), 36 hours(.), 48 hours(.), and 60 hours(e) etching.
this azimuth is high.
The variations of mean track length with dip angle from surface are shown in Fig.
12. The lengths at dip angle higher than 70° are excluded from this result, taking into
consideration the accuracy of the measurement. The track length versus dip angle shows
an almost uniform distribution. The increase in track length is gradual and has ap-
parently no relation to the dip angle.
3.4. Cone angle
The cone angle <U can be obtained from track width of surface(Wh), the track width
of interior(Wl), and the length(L) between Wh and Wl position by the following equa-
tion:
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Fig. 8 Variations of etching rate of width with dip angle from surface of zircon crystal,
after 24-36 hours (solid lines), 36-48 horus (dashed lines), and 48-60 hours (dotted
lines) etching.
10.0
~
;::t
...c
+J
ty1
~
OJ 5.0
H
~
U
rd
H
E--i
6048
(hr. )
36
Time
24
Etching
o.0 +-------,------,----..-----..,..-----r---
o
Fig. 9 Variation of the mean track length with increasing etching time. (Error bars re-
present ±la.)
CtJ = tan- 1((Wh- Wl)j2L)
In order to maintain the accuracy of the measur ment, the cone angle of parallel and
perpendicular to c-axis were measured on following conditions;
OO<azimuth angle<5° or 85°<azimuth angle<90°
OO<dip angle<15°
etching time =48 hours.
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Fig. 10 Distributions of track length after (a) 24 hours, (b) 36 hours, (c) 48 hours, and
(d) 60 hours etching.
The cone angle of tracks parallel to c-axis is 0.62° ±0.22° (la, 30 tracks), and the cone
angle of tracks perpendicular to c-axis is 1.02° ±0.36° (la, 30 tracks).
3.5. Surface removing
The quantity of material removed from original surface is under 0.2.um per 60 hours
of bulk etching, which is the limit of measurement by this systenl.
4. Discussion
On the basis of the experimental results the etching characteristics of zircon vis-a-
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Fig. 11 Variations of the mean track length with azimuth angle to c-axis of zircon crys-
tal, after 24 hours(.), 36 hours(.), 48 hours(+) and 60 hours(e) etching.
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Fig. 12 Variations of the mean track length with dip angle from surface of zircon crystal,
after 24 hours(.), 36 hours(.), 48 hours(+) and 60 hours(e) etching.
vis track frequency, width and length are discussed below.
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4.1. Number of tracks
In experimental results, the number of tracks has a tendency to increased linearly
from 24 to 60 hours etching time. This tendency is a similar to "Prolonged Etching
Effect" illustrated by KHAN and DURRANI(1972). BABA(1980) ascribed the cause of in-
crease in track number to the removal of surface material. However, in the present ex-
periments, the removal of surface material was found to be negligible suggesting thereby
that increase in number of tracks cannot be explained by removal of surface material
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alone.
Increase in number of tracks is anisotropic to the azimuth angle to c-axis in all etch-
ing steps as shown in Fig. 13. Based on theoretical consideration, it is expected that
latent fission tracks show an isotropic increase with respect to the azimuth angle. How-
ever, contrary to this, the results of the present study indicate this relationship is aniso-
tropic in nature. The increase in number of tracks is anisotropic to azimuth angle to
c-axis in all etching steps. This anisotropic increase changes at an angle of about 400 •
Around 80% of increase is observed within the azimuth angle range between 00 to 400 •
Further as the etching time increases this anisotropy shows a gradual decrease.
On the other hand, the plot of track density versus dip angle shows a bell shaped dis-
tribution with the angle of symmetry ranging between 40-500 • There is no change in
this pattern with increase in etching time. Theoretically, the rate of increase in detect-
able tracks D(</J) correspond to dip angle </J as shown in the following equation.
D(</J) = P sin if> cos </J [1]
where p is constant.
The comparison of experimental results at 24 hours etching time with values calculated
using the above equation are shown in Fig. 14. The calculated values show a good agree-
ment with experimental data.
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Fig. 13 Histogram showing distributions of track number with azimuth angle to c-axis
of zircon crystal.
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Fig. 14 Distribution of track density with dip angle to surface of zircon crystal, after 24
hours etching. Dashed line is calculated from theoretical equation [1].
4.2. Track width
The average track width has a tendency to grow linearly as etching time increases
as illustrated in Fig. 5. The track width is not isotropic to azimuth angle from c-axis,
but the width in each azimuth angle is constant for different etching times (Fig. 6 and
7). The anisotropy of the track width in relation to the dip angle is not observed.
The results are discussed in light of the theoretical model suggested by HENKE and
BENTON(1971). This theoretical model is illustrated in Fig. 15. HENKE and BENTON
(1971) suggested that etching rate in the immediate vicinity of particle trajectory has
the greatest value which can be denoted as Vt and the etching rate decrease as the dis-
tances from the particle trajectory increases. At the distance of 25-50 A, the etch rate
normal to the interior of the track is the etch rate of the undamaged bulk material which
can be denoted by Vg. The minimum track width that can be observed under a micros-
copy is ~0.1 ,um. Consequently, it may be assumed that the increase of track width is
mostly due to bulk etching rate considering the resolving power of the microscope.
Since the etch pit of the surface acquires a lozenge shape, the bulk etching rate can
be three perpendicular vector components.
Vga: the bulk etching rate perpendicular to surface.
Vgb: the bulk etching rate parallel to surface and perpendicular to c-axis.
Vgc: the bulk etching rate parallel to surface and to c-axis.
Vgb can therefore be calculated as half the etch rate of width of track parallel to c-axis.
Vgc can be calculated as half the etch rate of width of the track perpendicular to c-axis.
Taking in to account the crystal structure of zircon and isotropy in etching characteristics
in relation to dip angle, the rate of Vga is considered approximately equal to Vgb. The
values calculated from the present experimental results are
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Fig. 15 Etching model of fission track on a sub-microscopic scale (After HENKE and
BENTON, 1971).
Vgb = 0.0060 .urn/hour
Vgc = 0.0097 .urn/hour (=Vga)
These etching rates are constant for the present experiment.
On the basis of three vector components and assuming these component vectors and
Vt to be constant in the interior of the zircon grain, the etched track shape can be expressed
as a quadrangular prism except for the shape near the internal end of the track. In this
model, the etch pit on the surface of the zircon becomes lozenge. The track width ob-
served under the microscope is a shadow width projected by the quadrangular prism on
a surface plane (Fig. 16). The expanding rate of track width Vw depends on the azimuth
angle to the c-axis (8) as represented in the following equations.
Vw = 2Vgb cos 8
Vw = 2Vgc sin 8
(00~8~aO)
(aO~8~900)
[2]
[3]
where, a is a half dihedral angle of lozenge-shaped ideal etch pit, given by
a = tan-1(VgbJVgc)
In these equations the track width parallel to c-axis (8=0°) is denoted by
Vw= 2Vgb
and the track width perpendicular to c-axis(8=900) is denoted by
Vw= 2Vgc
Therefore, the expanding rate of the track width at angle ranging from 0° to aO depends
on the etching rate of the track parallel to c-axis and the rate at angle ranging from aO to
90° depends on the etching rate perpendicular to c-axis.
Etching Characteristics of Zircon in Fission Track Dating 25
c-axis c-axis
/'
2Vgc· sinB
~~.;c-aXiS
2Vgb- - J
I ~~c~,:",
I
I
/
2Vgb· cos B
=2Vgc· sinB
tana = Vgb/Vgc
2Vgb
Fig. 16 Schematic diagram of etched width of track in each azimuth angle to c-axis of
zircon crystal.
Using the values Vgb and Vgc obtained from the present experiment, the values of
a O is deduced to be about 32°. A plot of the experimental results versus the calculated
values is shown in Fig. 17. In light of the facts enumerated above, the track width with
azimuth angle is suggested to be dependent on Vgb and Vgc values.
On the other hand, it can be considered that the characteristics of track width have
direct effect upon the detection of tracks. In case of track obstrvation by microscopy,
the etched track width is required to be more than 0.1 ,urn, and the etched track width is
almost due to the bulk etching rate. It can therefore be considered that the anisotropy
in track detection at different azimuth angles are caused by the differences in the bulk etch
rate at different azimuth angles. This hypothesis is supported by the experimental re-
sults that show a sharp change in track number when azimuth is approximately equal
to aO.
Further, the Vga which was defined as the bulk etching rate perpendicular to the
surface, is not the rate of surface removing that is a vertical component of bulk etching
rate in the crystal interior. The removal of material from the zircon surface parallel to
c-axis was not observed in the present experiment, it is therefore considered that the
surface of the zircon crystal shows etching resistant characteristics as compared with the
interior of the crystal.
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Fig. 17 Comparison of calculated track width (dashed line) from equations [2][3] and
experimental observations (open circle) with azimuth angle to c-axis of zircon
crystal, after 60 hours etching. (Error bars represent ± la.)
4.3. Traek length
Theoretically, in case of measurement at the external surface (2n geometry) of
zircon, the latent track length are uniformly distributed from 2R(the full-length of etcha-
ble fission-fragment) to R(the half length) (GREADOW and LOVERING, 1977, GREEN and
DURRANI, 1978). Experimental results tend to show similar tendency as etching time in-
creases.
Theoretically, the distribution of track length at different azimuth angles is uniform.
For this reason, the anisotropic characteristics of etching length versus azimuth angle were
observed in present study. The change angle of this characteristics is the same as angle
determinated for track density and track width.
Further, the experimental results obtained for variations in track length with dip
angles show good agreement with theoretical results. It is therefore suggested that the re-
lationship of track length and dip angle is isotropic. The HENKE and BENTON'S (1971)
basic etching model assumes that etching of tracks proceeds in two stages (Fig. 18(a)).
The two stages can be described as follows;
1. The etched track length increases linearly with the track etching velocity Vt, until
it reaches a latent length of track.
2. The etched track length increases gradually by the bulk etching velocity Vg.
The ideal variations in etched track length as described in the above are shown in Fig.
18(b). The latent track length being within R to 2R range in the present measurements,
the observed values of the mean track length(Rm) change in three stages (Fig. 18(b)). Since
variation in mean track length ranges from 5 to 10 /lm and shows a gradual increase, it can
be considered that the variation of the mean track length correspond to the second and
third stages.
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Fig. 18 Etching process of fission track in zircon external surface of zircon. (a) Sequential
stages of track etching. (b) Ideal variations of etched track length and width.
The track etching velocity which is an important parameter in the above mentioned
model can be calculated as follows;
The cone angle () can be denoted by
() = sin-1 (VgfVt)
The track etching velocity Vt is therefore
Vt = "V.t;/sin ()
Here, the bulk etching velocity Vg was determined in three vector components as de-
scribed earlier. The track etching velocity Vt parallel and perpendicular to c-axis can be
calculated from experimental values of (), Vgb and Vge.
Vt for track parallel to c-axis is calculated to be
Vt = O.SS±O.18 .um/hour
and Vt for track perpendicular to c-axis is calculated to be
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Vt = O.54±0.19 .um/hour
Shinji MASUMOTO
The values indicate the absence of anisotropy in Vt.
In actual measurement, the width of track should not be less than the resolving power
of the microscope. Bulk etching velocity shows difference in the directions parallel and
perpendicular to c-axis. Assuming that surface removal is absent and that the observed
track length grows in two stages, the following etching model can be considered.
1. In the first stage, the growth of observed track length is dependent on the etching rate
Vt. The observed track length perpendicular to c-axis Ib is given by
Ib = Vt(t- Wo/2Vge) [4]
where, t=etching time
Wo = minimum track width which can be observed by this experimental system
In the present case, the etching time is denoted by
O~t~(LfVt+Wo/2Vge)
where
L = latent track length
Similarly, the observed track length parallel to c-axis Ie, is given by
Ie = Vt(t- Wo/2Vgb)
where etching time t is
[5]
O~t~(LfVt+ Wo/2Vgb)
From equation [4] and [5], it can be deduced that Ib is greater than Ie since Vgb< Vge.
2. In the second stage, growth of the observed track length is dependent on the bulk etch-
ing rate.
Here, Ib is given by
Ib = L+(t-LfVt-Wo/2Vge)Vgb
when t>(LfVt+ Wo/2Vge).
Further, Ie is given by
[6]
lc = L+(t-LfVt- Wo/2Vgb)Vge [7]
when t>(LfVt+ Wo/2Vgb).
The rate of increase of Ib depends on the bulk etching velocity Vgb and Ie is dependent
on Vge. From the equation [6] and [7], it can be deduced that the rate of increase of Ib
is less than that of Ie. Therefore, after passage of certain etching time, Ie is greater than
lb.
Based on the above discussion, the observed track length is seen to be dependent on
the bulk etching rate and varies for tracks parallel and perpendicular to c-axis. This
observation agrees with the characteristics of the track length at an angle to the c-axis re-
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corded in the present experiment.
In addition to the above, 2R is estimated for the present model. Here the value of
Wo is considered to be equal to 0.14 ,um, assuming that Wo is the minimum value of the
track width in the present experimental system. The 2R value was calculated to 9.7 ,um,
which is in good agreement with the observed results.
Considering 2R to:be 9.7 ,um, the variations of observed track length and mean ob-
2R
24
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Time
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(hr. )
60
R
Rm
l·--··············~·_···············t-···_··_····
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Fig. 19 Model curves of etching time versus observed etched track length. Length
variations of the perpendicular (solid lines) and parallel to c-axis (dotted lines)
with etching time. (a) Variarions of observed etched track length (R and 2R)
with etching time. (b) Variations of etched mean track length (Rm) with etch-
ing time. Open triangles represent the track length in perpendicular to c-axis,
and solid triangles represent the track length in parallel to c-axis from this ex-
perimental result after 24, 36, 48 and 60 hours etching.
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served track length are shown in Fig. 19(a) and 19(b) respectively. It can be stated here
the KRISHNASWAMI et al. (1974) reported 2R value of about 11.4.um and also WHITE and
GREEN (1986) reported 2R value as 10.8±O.7.um using TINT(LAL et al., 1969) length.
These reported values are longer than that obtained in the present experiment. It can
therefore be considered that the 2R values earlier were influenced by bulk etching.
In light of the above discussions, it is suggested that in case of thermal analysis us-
ing track length, it is necessary that the track length be corrected or that the latent track
length be used. This is especially true for TINT where track length is considerably
influenced by etching characteristics.
5. Conclusion
The etching characteristics of spontaneous fission tracks on the external surface of
zircon base on the experimental results can be described as follows;
The number of tracks increase gradually with increase in etching time. The etching
characteristics of track number is anisotropic to the azimuth angle and isotropic to dip
angle from surface. The width of etched tracks increased linearly with etching time.
The etching characteristics of track width is anisotropic to the azimuth angle, but is iso-
tropic to the dip angle. The length of the etched tracks show to two stages growth. The
etching characteristics of track length are also anisotropic to azimuth angle and isotropic
to dip angle.
The increase of tracks in the range of low azimuth angle contributes significantly to
the total increase in number of tracks. Bulk etching rates were determined along three
vector components. It was observed that the bulk etching rate parallel to c-axis is great-
er as compared to the other directions. The difference in bulk etching rate along dif-
ferent directions can be attribute to the anisotropic nature of number, width and length
of tracks. Tracks parallel and perpendicular to c-axis show similar track etching rates.
The length of 2R estimated in the present experiment was found to be shorter than the
values reported earlier.
Based on the above conclusions the fission track dating and thermal analysis are con-
sidered to give highly reliable results. However, there is a need to carry out an in-depth
quantitative analysis of the etching characteristics in order to account various parameters
that may bear significant influence.
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